Abstract. The radiosensitizing activity of celastrol, a quinone methide triterpene was examined. We found that celastrol treatment of the NcI-H460 lung cancer cell line increased radiation-induced cell killing. The increased radiosensitivity was correlated with decreased levels of Hsp90 clients, such as EGFR, ErbB2 and survivin as well as with increased p53 expression. celastrol inhibited the ATP-binding activity of Hsp90. Furthermore, celastrol treatment dissociated an Hsp90 client protein, EGFR, and this in turn resulted in degradation of the client protein. These results were not observed with another structurally similar triterpenoid, 6β-acetonyl-22β-hydroxytingenol (TG), suggesting that a specific structural feature of the triterpenoid is required for radiosensitization. Moreover celastrol treatment increased p53 levels by phosphorylating Ser15 and Ser20 residues as well as by inhibiting its proteasomal degradation. celastrol may be considered an effective radiosensitizer acting as an inhibitor of Hsp90 and a p53 activator. The two activities could be applicable to a broad range of cancer cells with either wild-type or mutant p53 because either activity could be effective for the enhancement of radiation cell killing. Further analysis with other triterpenoids should identify the functional moiety of the structure and additional candidates for effective radiosensitizers, which can be used in combined radiotherapy.
Introduction
cellular sensitivity or resistance to ionizing radiation is determined by multiple processes that are involved in the cell cycle, proliferation, apoptosis, dNA repair and signal transduction. Agents that target these processes may modify radiation sensitivity leading to either enhanced or decreased cell killing (1) . Given the diverse processes and molecules that are associated with radiation responses, targeting of multiple regulators, instead of only one factor, should substantially modify radiosensitivity (2) . Thus, identification of such agents that are able to target multiple factors for radiosensitization is of importance.
celastrol is a triterpenoid that can affect diverse cellular processes. Celastrol has been associated with antiinflammation, anticancer and treatment of Alzheimer's disease with activities such as Hsp90 inhibition, proteasome inhibition and modulation of gene expression (3) . For instance, celastrol suppresses the proinflammatory cytokine-induced NF-κB activation via inhibition of IκBα kinase resulting in decreased expression of NF-κB target genes such as IAP, Bcl2, Bcl-xL, cOX-2 and survivin (4, 5) . As those genes are mainly involved in cell protection from stress conditions, combined treatment with celastrol and therapeutic drugs such as TNF-α or TRAIL potentiates anticancer capabilities (4, 6) . Inhibition of the Hsp90 chaperoning machinery is another mechanism for the anticancer activity of celastrol. celastrol inhibits Hsp90 ATPase activity and disrupts the Hsp90-cdc37 complex formation which plays a crucial role in the maturation of various kinases (7) . disruption of Hsp90-cdc37 client kinases results in degradation of these kinases and consequent inactivation of the enzymes. As many of the Hsp90 clients, which include Raf1, Akt, and EGFR (epidermal growth factor receptor) (8) , are associated with cellular proliferation and tumor resistance to anti-cancer treatment, the ability of celastrol as a kinase destabilizer has been exploited in cancer cells (9) . A potent proteasomal inhibitory activity of celastrol has also been reported (10) . celastrol inhibits the chymotrypsin-like activity of the purified proteasome and celastrol treatment of prostate
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cancer cells results in accumulation of ubiquitinated proteins and induction of apoptosis (10) . considering the diverse celastrol target molecules and their roles in radiation responses, we examined the effects of celastrol on radiation sensitivity. For this purpose, we purified natural celastrol and another structurally similar triterpenoid compound, 6β-acetonyl-22β-hydroxytingenol (TG) and compared their effects on radiation sensitivity. Our comparison revealed that celastrol has a radiosensitizing effect, whereas a structurally very similar compound, TG, does not. Our results show that the radiosensitizing effect of a specific triterpenoid is correlated with the expression levels of key modulators of cellular radiation responses.
Materials and methods
Extraction, isolation and identification of celastrol and TG. Stem roots (5 kg) of Tripterygium regelii were airdried, chopped and extracted three times with 95% MeOH (3x10 liters) for 7 days at room temperature. The combined extract was concentrated, and the dark residue (453 g) was partitioned between water and chloroform (1:1 liter). The organic layer was washed with brine, dried over anhydrous Na 2 SO 4 , and concentrated to give a dark brown residue (310 g) which was subjected to chromatography on a silica gel column. The extract (310 g) was suspended in H 2 O (2x1 liters) and partitioned with organic solvents (cHcl 3 , BuOH) of different polarities to yield cHcl 3 (162 g), BuOH (125 g), and H 2 O (150 g) extracts. The cHcl 3 and BuOH extracts were subjected to column chromatography using a silica gel with a hexaneacetone gradient and a hexane-EtOAc gradient. The cHcl 3 extract (162 g) was subjected to column chromatography (glass column 10x80 cm) using a silica gel (1.5 kg; 70-230 mesh; Merck, NJ, USA), eluted with gradient mixtures of hexane (4 liters) and hexane-acetone, of increasing polarity (30/1→1/6), and finally with MeOH. Fifteen pooled fractions (fractions 1-30) were obtained after combining fractions with similar TLc profiles from this initial column chromatography. The column was eluted with solvents of increasing polarity (cHcl 3 1 H-and 13 c-NMR at 500 and 125 MHz, respectively, and 2d-NMR data were obtained on a Bruker AM-500 spectrometer in cdcl 3 . The structural information on celastrol and TG is available upon request.
Cell lines and treatment. The human lung cancer cell line NcI-H460 was obtained from the American Type culture collection (Manassas, vA, USA). The cell line was grown in RPMI-1640 (Life Technologies, Inc., Rockville, Md, USA) containing 5 mM glutamate and 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and maintained at 37˚C in an atmosphere of 5% cO 2 and 95% room air. cell cultures were irradiated using a 137 cs gamma-ray source (Atomic Energy of canada Ltd., Mississauga, canada) at a dose rate of 3.81 Gy/min. cell proliferation was measured by the MTT assay (Sigma, MO, USA) following the manufacturer's instructions. The colony forming ability after the treatment was compared using a clonogenic assay as previously described (12) .
Immunoblot analysis, immunoprecipitation, and ATP-pull down assay. cells were scraped into PBS, centrifuged, and the cell pellet was resuspended in 3 volumes of lysis buffer [40 mM Tris-Hcl (pH 8.0), 120 mM Nacl, 0.1% Nonidet P-40, and protease inhibitors] and proteins were extracted. Immunoblot analysis and immunoprecipitation were performed as previously described (13) . The antibodies to Hsp90, Akt, EGFR, ErbB2, p53, MdM2, p27, Bax, cyclin d1, Bcl2 and survivin were obtained from Santa cruz Biotechnology (Santa cruz, cA, USA), and antibodies to β-actin were from Sigma. p53 phospho-antibody to Ser15 and Ser20 were from cell Signaling Technology (Beverly, MA, USA). Blots were developed by peroxidase-conjugated secondary antibody and proteins were visualized by EcL procedures (Amersham Biosciences, Piscataway, NJ, USA) according to the manufacturer's protocol. The ATP-pull down assay was performed using the ATP-Binders resin from Novagen (Madison, WI, USA) following published procedures (9) .
Results
We isolated celastrol and TG from T. regelii to test their effect on radiation sensitivity (Fig. 1) . Treatment of NcI-H460 lung cancer cells with celastrol alone exhibited a moderate growth inhibitory effect as shown by the decreased cell growth after 2 or 3 days of incubation ( Fig. 2A) . TG treatment also decreased cell proliferation but the decrease was less than that of celastrol (Fig. 2B) . The clonogenic survival assay revealed that irradiation of the lung cancer cells together with celastrol enhanced radiation sensitivity by decreasing clonogenic cell survival (Fig. 2c ). cell treatment with 0.5 µM celastrol enhanced the radiation sensitivity, whereas, celastrol concentrations up to 0.1 µM had little effect on the radiation sensitivity compared to the untreated control samples. decreased survival following irradiation in the celastroltreated cells was apparent in the 1 Gy irradiated cells and became more prominent at 4 Gy. By contrast, treatment of the same lung cancer cell line with TG had very little effect on the cell survival following ionizing radiation (Fig. 2d) . These results indicate that the drugs, which belong to the same triterpene family, have different effects on radiation sensitivity. Moreover the results suggest that the drugs may display differential effects on target molecules that determine radiation sensitivity. Thus, we investigated target molecules that may determine the radiation sensitivity upon drug treatment. Among the potential target molecules for radiation sensitivity in the cells, we examined EGFR, ErbB2, Akt and survivin since their decreased levels of expression are correlated with enhanced radiation sensitivity (14, 15) .
celastrol treatment of the cells significantly decreased levels of EGFR, ErbB2, and survivin, whereas, levels of the Akt protein were unaffected by the treatment (Fig. 3A) . The decrease in the proteins was first observed at 0.1 µM celastrol treatment and became prominent at 0.5 µM at which concentration increased radiation sensitivity was also observed (Fig. 2c) . Unlike celastrol, another triterpene, TG, had little effect on the levels of the proteins (Fig. 3B) . Levels of EGFR, ErbB2, Akt, and survivin remained constant with all TG concentrations used (Fig. 3B) . constant levels of the radiation sensitivity modulators were also correlated with little or no effect on radiation sensitivity (Fig. 2d) . Taken together, EGFR, ErbB2 and survivin, are potential target molecules of the celastrol-induced enhanced radiation sensitivity. Furthermore, the expression levels of the molecules are correlated with survival following the combined treatment with ionizing radiation and celastrol. In addition, the results demonstrate that the effect of celastrol is specific in that a structurally similar triterpene, TG had no effect on the response.
Since the effect of celastrol on the cellular radiation response is distinct from that of TG, investigation of the responsible mechanism may uncover the cause of the differential drug effect on radiation sensitivity. We observed that the target proteins of celastrol are Hsp90 client proteins. Inhibitors of Hsp90, such as 17-AAG and geldanamycin, inhibit ATP-binding to Hsp90, which in turn reduces Hsp90 activity as a molecular chaperone and degrades certain Hsp90 client proteins. In order to prove that enhancement of radiation sensitivity by celastrol treatment is caused by inhibition of Hsp90, we examined the ATP-binding activity of Hsp90 in the presence or absence of celastrol (Fig. 4A) . The ATP-pull down assay with whole cell extracts prepared from either celastrol-or TG-treated cells revealed that celastroltreated cells have less Hsp90 ATP-binding activity, whereas TG-treated and untreated control cells showed comparable levels of ATP-binding (Fig. 4A) . The results suggest that celastrol acts as an inhibitor of Hsp90 by interfering with its ATP-binding, whereas TG does not. Since dissociation and degradation of certain client proteins of Hsp90 is another feature of Hsp90 inhibition, we examined these Hsp90-induced effects on EGFR (Fig. 4B ). Whereas TG treatment had little effect on the Hsp90-EGFR interaction, celastrol treatment dissociated EGFR from Hsp90, as expected from Hsp90 inhibition (Fig. 4B) . Since degradation of Hsp90 client proteins following inhibition of Hsp90 is mediated by the proteasomal degradation pathway, we examined whether the degradation of EGFR is mediated by the proteasome (Fig. 4c) . Addition of celastrol alone decreased the levels of EGFR whereas combined treatment with ALLN, an inhibitor of the proteasome and celastrol, maintained EGFR at levels comparable to that of untreated control. Therefore, celastrol treatment induces EGFR destabilization via the proteasomal degradation pathway. Taken together, celastrol inhibits Hsp90 by interfering with its ATP-binding and causes dissociation and subsequent degradation of certain client protein such as EGFR via the proteasomal pathway.
Since radiation sensitivity is also determined by factors involved in cell growth arrest or death, we examined the effect of celastrol on p53 as it is one of the main determinants of radiation sensitivity. celastrol treatment of NcI-H460 cells increased p53 level (Fig. 5A) . The increase could be seen from 6 h and on with 1 µM celastrol. As p53 phosphorylation at serine residues 15 and 20 is responsible for the p53 increase, we assessed these phosphorylations. Phosphorylation at p53 Ser15 and Ser20 was increased by celastrol treatment (Fig. 5A) . The p53 responses by celastrol treatment mimicked the cellular radiation responses, whereby irradiation with ionizing radiation increased p53 phosphorylation and its protein level (right half of Fig. 5A ). In line with the increased phosphorylation, celastrol treatment caused dissociation of MdM2 from p53 so that MdM2 is unable to ubiquitinate p53 (Fig. 5B) . Treatment of cells with celastrol alone slightly increased p53 whereas co-treatment with ALLN further increased the p53 levels (Fig. 5c) . considering the fact that celastrol inhibits proteasomal activity, co-treatment of cells with celastrol and proteasome inhibitor might potentiate cell killing by further increasing p53 levels. celastrol treatment of cells increased Bax, one of the p53 target genes, and a pro-apoptotic protein, while it repressed Bcl2 expression, an anti-apoptotic protein (Fig. 5d) . cyclin d1 was decreased by celastrol treatment while p27 was increased. Thus, it seems that celastrol treatment increased molecules that are involved in either cell death or growth arrest, while at the same time it decreased the levels of proteins which are necessary for survival or cell cycle progression. Taken together, celastrol-induced changes in the levels of EGFR, ErbB2, survivin and p53 might be responsible for the enhancement of radiation sensitivity.
Discussion
In the present study, we examined the radiosensitizing activity of celastrol. celastrol enhanced the radiation sensitivity of a human lung cancer cell line, NcI-H460, by utilizing various mechanisms.
First, celastrol treatment destabilized certain Hsp90 client proteins which also serve as regulators of radiation sensitivity. Radiomodulatory factors, such as EGFR, ErbB2 and survivin, are Hsp90 client proteins (2) . When client proteins are destabilized following treatment with Hsp90 inhibitors, radiation sensitivity is increased. For example, combined treatment of cancer cells with the Hsp90 inhibitor, 17-AAG, and ionizing radiation enhances the radiation sensitivity of various cancer cells (14) .
celastrol inhibited Hsp90's ATP-binding activity and dissociated a typical client protein, EGFR, resulting in destabilization of the client protein (Fig. 4) . As many of the Hsp90 client proteins including EGFR are involved in the modulation of radiation responses, enhancement of radiation sensitivity by celastrol is probably due to inhibition of Hsp90. celastrol's activity in the radiation response seems to require a specific functional moiety, because a structurally similar compound TG could not exert the same kind of responses as celastrol. Thus, isolation or synthesis of derivatives of celastrol might lead to the development of a more effective radiosensitizer or anti-cancer compound.
Celastrol has been investigated for its anti-inflammatory and anticancer activity (10, 16) . celastrol inhibits the activation of NF-κB through targeting IκB kinase and potentiates TNF-induced apoptosis by inhibiting NF-κB-regulated gene expression (4) . Since NF-κB activity is critical for cell survival following ionizing radiation (17) , inhibition of NF-κB by celastrol treatment might have contributed to the enhancement of radiation sensitivity. According to previous reports, inhibition of dNA damage repair as well as degradation of proliferation signaling molecules underlie the radiosensitizing effect of Hsp90 inhibitors (14, 18) . Since we identified the celastrol-induced degradation of proteins involved in proliferation, it was of interest to examine whether celastrol also inhibits the activity of dNA damage response factors, similarly to 17-AAG (18) .
p53 regulation was also shown to contribute to the radiosensitizing effects of celastrol. p53 regulates radiosensitivity by modulating the transcription of many responsive genes involved in either growth arrest (such as p21 WAF1 ) or apoptosis (such as bax, puma and noxa) (19) . celastrol increased p53 by increasing phosphorylation of Ser15 and Ser20 residues (Fig. 5A) . p53 phosphorylation at Ser15 interrupts the binding of MdM2 with p53 and protects p53 from degradation (20) . Since dNA damage induces p53 Ser15 phosphorylation, it is of interest to investigate whether celastrol treatment brings about cellular dNA damage.
In addition to p53 phosphorylation, inhibition of the proteasome seems to be involved in the increased p53 activity by celastrol. Unlike other Hsp90 inhibitors, celastrol exhibits additional activity as a potent proteasome inhibitor (10) . Thus, increased p53 is probably due to both phosphorylation at key residues and inhibition of proteasomal degradation, which together contribute to the enhanced radiation sensitivity.
Our results have shown that celastrol treatment increases the expression of Bax, a p53 target gene involved in apoptosis (Fig. 5d) . At the same time, the expression of the anti-apoptotic protein, Bcl2, was decreased by celastrol treatment, suggesting that the cellular environment favors cell death following the combined treatment with radiation and celastrol. As the investigation was carried out with the NcI-H460 cells, which express wild-type p53, increased p53 levels following celastrol treatment may have sensitized the cells to ionizing radiation because ionizing radiation-induced cell death of NcI-H460 cells is dependent upon p53 activity (21) . However, celastrol's radiosensitizing effect may not be limited to cells with wildtype p53. A recent report demonstrates that celastrol sensitized the p53-null prostate cancer cell line, Pc-3 (22) . Our results also support the notion that celastrol treatment triggers degradation of key molecules involved in proliferation signaling, such as EGFR (Fig. 4) . Multiple activities of celastrol in combination with radiation may be of use in treating many types of cells regardless of the p53 status.
comparison of the results with two structurally similar compounds, celastrol and TG suggests that a specific functional moiety might be required for enhanced radiosensitivity. It further suggests that other triterpenoids might exhibit a similar radiosensitizing effect. Further analysis with other purified triterpenoids should resolve these issues and aid in the development of improved tumor control when the drugs are combined with ionizing radiation treatment.
